Study objectives: Despite the recognition that ventilator weaning is associated with a change in autonomic nervous system activity, there has not been any report concerning the change of heart rate variability (HRV), a reliable method to detect autonomic nervous system activity, in patients during weaning. The aim of this study was to investigate the change of autonomic nervous system activity during ventilator weaning by HRV analysis. Design: Prospective study. Key words: heart rate variability; spectrum analysis; ventilator weaning.
H
eart rate variability (HRV) is used as a noninvasive tool in the evaluation of altered autonomic nervous system function. 1, 2 Since 1981, when Akselrod et al 2 introduced power spectral analysis of heart rate fluctuations, the frequency domain analyses of HRV have contributed to the understanding of autonomic cardiovascular control. 3 From 5-min ECG recordings made under physiologically stable conditions, the power spectral analysis allows the determination of two major components: low frequency (LF) and high frequency (HF). 2 Vagal activity has been consistently regarded as the major contributor to the HF component, 2, 3 which is known to decrease during exercise, [2] [3] [4] [5] [6] and to change with different respiratory patterns. 7, 8 However, a discrepancy exists with respect to the LF component, which
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some consider to be a marker of sympathetic modulation, 3, 9 and others view it as a parameter that includes both sympathetic and vagal influences, 2, 3 while still others treat it as a poor indicator of sympathetic activity. 4 -6 Since ventilator weaning represents a period of transition from mechanical ventilation to spontane-ous breathing and is associated with a change in autonomic activity, 10 -13 the change of HRV during weaning is to be expected. The influence of artificial ventilation on HRV has been described in preterm infants with respiratory distress syndrome, in decerebrated children, and in adults under anesthesia. 1,14 -16 The change of HRV during different ventilator settings has been investigated in an animal study by Frazier et al. 17 They found that there were significant increases in very LF power (sympathetic tone) with a concomitant significant reduction in HF power (parasympathetic tone) with exposure to a combination of pressure support and continuous positive airway pressure. 17 These changes in HRV were associated with significantly increased heart rate and reduced right ventricular end-diastolic volume. 17 Despite the recognition, there has not been any report concerning the change of HRV during ventilator weaning in patients recovering from respiratory failure. The aim of this study was to investigate the change of autonomic nervous activity during ventilator weaning by HRV analysis.
Materials and Methods

Patients
This prospective, observational study was carried out in a 16-bed medical ICU of a tertiary university hospital from November 2000 to February 2001. Patients enrolled in this study with respiratory failure were intubated and received mechanical ventilation for at least 24 h, met the general weaning criteria (see below), and were ready to undergo their first spontaneous breathing trial (SBT) as determined by a primary care physician. Patients were excluded if they were already, or ready to be, tracheostomized, or had frequent cardiac arrhythmias (defined as Ͼ 10% of nonsinus beats during Holter study).
Weaning Process
The general criteria for initiating weaning trials were as follows: (1) resolution of the underlying cause of respiratory failure, (2) no need for vasopressors or sedatives, (3) Pao 2 Ͼ 60 mm Hg on Յ 40% inspired oxygen and a positive end-expiratory pressure (PEEP) Յ 5 cm H 2 O, (4) adequate neurologic status and ability to follow simple vocal orders, and (5) intact airway reflexes with an adequate cough during suctioning. 18 The ventilator weaning was generally carried out under the mode of synchronized intermittent mandatory ventilation with pressure support ventilation (PSV) or PSV only. Weaning was proceeded with a gradual reduction of the mandatory rates and PSV levels. Before the study, the respiratory therapists measured the traditional weaning parameters, including respiratory rate (f), tidal volume (Vt), minute ventilation (V e), and f/Vt ratio, and physicians were informed to make decisions for the weaning process. The Vt and V e were measured using a handheld respirometer with the patient breathing spontaneously without ventilator use. The f/Vt ratio was calculated according to the study of Yang and Tobin. 19 The duration of SBT was variable but usually lasted 2 h. The decision for weaning or extubation was made by the primary care physicians who were not involved in this study.
The failure group was designated as those who failed SBT and needed reinstitution with mechanical ventilation, or those who were extubated but were reintubated within 48 h. The success group was designated as those who were extubated successfully after SBT. If patients were not extubated after SBT, the cause of weaning failure was determined by the same physician. The need for transient noninvasive bilevel pressure ventilation after extubation was not considered to be a weaning failure.
Study Protocol
Data Collection: The clinical features, including age, gender, medications, diagnosis on hospital admission, patient history, APACHE (acute physiology and chronic health evaluation) II score, reasons for initiation of ventilator support, duration of mechanical ventilation prior to SBT, arterial blood gas levels, and weaning parameters before SBT, were recorded. Patients were followed up until ICU discharge or death, and the other variables, such as time from SBT to extubation, causes of weaning failure, the need of tracheostomy, total ICU stays, and mortality, were recorded.
Procedures: The studies were performed during a period from 10 am to 2 pm, with a total duration of 1.5 h in each patient. A consecutive sample of patients who met the inclusion criteria were studied. All patients were receiving mechanical ventilation (model NPB 7200; Nellcor Puritan Bennett; Carlsbad, CA). All regular medications scheduled prior to the study were not disturbed. Patients were kept in a semisitting position and left undisturbed during the study.
The HRV was measured in three phases: assist/control mandatory ventilation (ACMV), PSV, and SBT. Patients were suctioned and put on ACMV with a preset f of 16 breaths/min, Vt of 8 to 10 mL/kg, and PEEP of 5 cm H 2 O, with the other settings unchanged. After 30 min on ACMV, the ventilator mode was switched to PSV in a range of 6 to 10 cm H 2 O, as was set prior to the study protocol, and with the same PEEP and fraction of inspired oxygen (Fio 2 ) levels. Again, after 30 min of PSV, patients were put on SBT without external PEEP, with a Fio 2 level 5% greater than the ventilator setting. Vital signs and ECG in each phase were recorded after 10 min of mode change.
Analysis of HRV: ECG was recorded on a three-channel ambulatory ECG recorder and scanned on a Holter analysis system (Del Mar 563; Del Mar Avionics; Irvine, CA). The QRS complexes were automatically classified and manually verified as normal sinus rhythm, atrial or ventricular premature beats, or noise by comparison to the adjacent QRS morphologic features. The normal-to-normal R-R intervals (N-N intervals) were deduced from the adjacent normal sinus beats. The N-N interval time series were then transferred to a personal computer and postprocessed by a program written in the Matlab language (version 5.2; Mathworks; Natick, MA). 20 The missing intervals of the raw N-N data were interpolated by the cubic spline method and resampled at 4 Hz by the Ron-Berger method. After 10 min in each phase, a stable 5-min segment of N-N intervals was taken for HRV analysis. The power spectrum densities were estimated by the averaged periodogram method of Welch. 21 The LF power (0.04 to 0.15 Hz) and HF power (0.15 to 0.4 Hz) were derived from the sum of area within specific frequency range under the power spectrum density curve of the same 5-min segment. The total power (TP) was calculated from the sum of LF and HF. The normalized unit (NU) of HF (HF NU) or LF (LF NU) was calculated as the ratio of the absolute powers of HF or LF to TP and multiplied by 100. 2 
Statistics
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otherwise specified. Statistical analysis was performed with SPSS in the Windows 98 operating system (SPSS; Chicago, IL). Because of skewed distribution, the LF, HF, LF/HF ratio, and TP are transformed in the natural logarithm of the absolute units (square milliseconds). Categorical variables were analyzed by 2 or Fisher exact tests. Means were compared between success and failure groups by independent Student t test. Measurements of heart rate (HR), BP, f, and HRV components over three phases (ACMV, PSV, and SBT) were compared with a repeatedmeasures analysis of variance, and then a post hoc paired t test for significant differences. A p value Ͻ 0.05 (two-tailed) was considered to be significant.
Results
Demographics
Twenty-four patients were enrolled, with 12 patients in the success group. The general clinical features, including gender, age, mean APACHE II score on hospital admission, duration of mechanical ventilation prior to SBT, reasons for respiratory failure, underlying diseases, and uses of various medications, were similar between both groups (Table 1). Pneumonia was the most common cause of respiratory failure. Both groups were similar in baseline blood gas data prior to study (Table 2) .
Traditional Weaning Parameters
Respiratory parameters measured before SBT showed a significant lower Vt and higher f/Vt ratio in the failure group (p Ͻ 0.05; Table 2 ). The differences in f and V e were insignificant.
Heart Rate, BP, and Spectral Components of HRV
The changes of f, HR, and spectral components of HRV during weaning trials are plotted in Figure 1 . When comparing the success and failure groups, we found no difference in the mean values of all variables in each phase, except for f during SBT in the failure group, which was significantly higher than that of the success group (29.6 Ϯ 7.3 breaths/min vs 23.7 Ϯ 4.7 breaths/min, p ϭ 0.015). In both groups, the change of f from ACMV to PSV and that from PSV to SBT showed significant increases (Fig 1) . In the success group, the changes of HR, BP, and HRV components were insignificant among the three phases. In the failure group, HR increased from PSV to SBT (p Ͻ 0.05), and there were significant decreases in HF, LF, and TP of HRV In both groups, mean f increased significantly from ACMV to PSV, and then to SBTs through a T-tube. During SBT, the mean f in the failure group was significantly higher than that in the success group. Top right, b: In the failure group, the mean HR increased significantly from PSV to SBT. Middle left, c; middle right, d; and bottom, e: In both groups, the difference of HRV in absolute units (with natural logarithm transformations) between ACMV and PSV was insignificant. In the failure group, the LF and HF components and TP of HRV decreased significantly from PSV to SBT; in addition, the difference of HRV between ACMV and SBT was also significant. when comparing SBT to PSV and ACMV (p Ͻ 0.05; Fig 1) . In both groups, there was no significant change in the LF/HF ratio or the NUs of LF and HF powers (Table 3) .
Follow-up
We followed up all patients until ICU discharge. The difference in total ICU stays between the two groups was statistically insignificant (10.5 Ϯ 7.7 days vs 17.1 Ϯ 12.8 days, p ϭ 0.142). In the success group, all patients were alive and without late respiratory failure (namely, Ͼ 48 h); time from SBT to extubation was 2.3 Ϯ 1.0 h. In the failure group, time from SBT to reinstitution of mechanical ventilation was 1.5 Ϯ 0.77 h. The causes of weaning failure included four patients with tachypnea (Ͼ 35 breaths/ min), one patient with hypertension (systolic BP elevation Ͼ 40 mm Hg), one patient with tachycardia (Ͼ 120 beats/min), two patients with decrease in consciousness level, two patients with respiratory distress/ diaphoresis, and two patients with suspected airway edema because of negative cuff-leak test result performed before extubation. One patient died of ventilator-associated pneumonia before further weaning trial. Of the five weaned patients in the failure group, two patients were weaned after the second SBT, and three patients were weaned after the third attempt. Finally, the other six patients underwent tracheostomy; of these, four patients were weaned from the ventilator eventually, and two patients were still ventilator dependent after transfer to the ward.
Discussion
In this study, we found that there were no significant changes in spectral components of HRV when shifting from ACMV to PSV in all the patients. However, the HRV components (HF, LF, and TP) decreased significantly in the failure group while shifting from PSV to SBT, but not in the success group.
Change of the HF Component of HRV During Weaning
The HF component of HRV reflects the vagal outflow to the sinus node of the heart. It is increased in humans by cold stimulation of the face, rotational stimuli, and controlled respiration, which all increase vagal activity, 1, 3, 9 and is reduced during mild-tomoderate intensity of exercise because of vagal withdrawal. 5, 6 Controlled respiration at frequencies within the resting physiologic range provides a convenient tool to enhance the vagal modulation of the heart rate, probably achieved through the synchronization of all respiratory components. 9 A controlled f of 16 breaths/min (approximately 0.27 Hz) could result in a peak spectrum in the HF region (0.15 to 0.4 Hz). If the frequency of controlled breathing is decreased enough to approach LF rhythm, the two components merge into one more powerful oscillation. 9 There are two reasons for the reduced HF component in the failure group. First, the intense sympathoadrenal stimulation during weaning from mechanical ventilation could result in the withdrawal of parasympathetic nervous system activity. 5, 6, 12, 13 Second, the HF component of HRV decreases with increased respiratory rate and decreased Vt. 7, 8 During the shift from ACMV to SBT, the f in the failure group increased more than that in the success group (from 16.7 Ϯ 1.6 to 29.6 Ϯ 7.3 breaths/min vs from 16.5 Ϯ 0.9 to 23.7 Ϯ 4.7 breaths/min, p Ͻ 0.05), and spontaneous Vt was significantly lower (281.6 Ϯ 109.0 mL vs 411.3 Ϯ 120.5 mL, p Ͻ 0.05). Consequently, the increased f coupled with a reduced Vt, which is equivalent to a higher f/Vt 19, 22 would result in a greater decrease in the HF power in the failure group.
Change of the LF Component of HRV During Weaning
In contrast to the HF component, there has been disagreement in the literature regarding the interpretation of the LF component. [2] [3] [4] [5] [6] 9 In resting dogs, Akselrod et al 2 demonstrated that increasing the activity of either the sympathetic or parasympathetic nervous system augments the LF component. In healthy subjects, an increased LF component is observed during sympathetic activation in various conditions, such as standing, passive tilt, mental stress, and moderate exercise. 3, 9 However, in resting humans receiving cardiac sympathetic blockade by segmental epidural anesthesia (C6-T6), Hopf et al 4 found that the LF component did not change significantly. Besides, in some conditions associated with sympathetic excitation such as heavy exercise, a decrease in the absolute power of the LF component is observed. [3] [4] [5] [6] It is not clear whether the results have been due to differences in design of the studies and methodologic factors or if HRV analysis is not applicable to this situation because of enhanced respiratory activity and increased movement during exercise. 5, 8, 9 Because sympathoadrenal stimulation is intense during weaning from mechanical ventilation, 12,13 one might expect an increase in the LF component if it is solely a marker of sympathetic modulation. 3 In an animal study, Frazier et al 17 noted a significant increase of very LF power (0.0033 to Ͻ 0.04 Hz) with exposure to PSV plus continuous positive airway pressure, but there was no change in the LF component. Though the authors considered the very LF power as an index of sympathetic activity, it is suggested to be a dubious measure and should be avoided when assessed from short-term recordings (Յ 5 min). 3 In our study, the LF power in the failure group decreased from ACMV to SBT. Our result is similar to the human study by Polanczyk et al, 5 who observed a marked reduction in all components of HRV during exercise with the peak heart rate of 86% of maximum, and there was also no significant change in the LF/HF ratio. Therefore, the concept of the LF component as a marker of cardiac sympathetic modulation is debatable. 4 -6 Whether the decrease in the LF component during weaning is due to respiratory-autonomic interactions, the pathologic processes of sympathetic modulation of heart beat fluctuations in patients recovering from respiratory failure, or the influence of underlying diseases and medications is indeterminate.
Influences of Medications and Underlying Diseases on HRV
Many medications act directly or indirectly on the autonomic nervous system, but the data about pharmacologic effects of HRV are limited to a few patient populations. 1, 3, 20, [23] [24] [25] The acute effects of an inhaled selective ␤-adrenoreceptor agonist on HRV are decreases in total variability, LF and HF components, and an increase in LF/HF ratio. 25 Since the prescriptions of the nebulized ␤-agonists were common in patients receiving mechanical ventilation, approximately 60% of this study, the decrease of HRV might also be influenced. In both groups, we found that there was no difference in uses of various medications known to be able to affect HRV. Therefore, the significant decrease of HRV in the failure group, but not in the success group, cannot be explained by the effects of medications.
In addition, age, gender, 26 and some diseases, such as diabetes mellitus, 1,3 congestive heart failure, 1, 3, 20 and various neurologic diseases, 3 have been shown to have influences on HRV. Since all the measures in this study were performed within hours of the patients meeting the general weaning criteria, the influences of these factors between the two groups could be removed when comparing the spectral changes of HRV by paired t test among the three phases.
Limitations, Clinical Applications, and Future Research
There are some limitations in this study. First, the sample size is small. Second, we did not collect the other data of the autonomic nervous system, such as plasma catecholamine levels, muscle sympathetic nerve traffic, and baroreflex sensitivity. Third, although pneumonia (21 of 24 patients, 87.5%) was the most common cause of respiratory failure in this study, a mixed patient population with various underlying diseases was included and the weaning process before SBT was not standardized, both of which might have had considerable effects on the weaning outcome. Fourth, despite statistical significance, the change of HRV during weaning (approximately 2.5 to 2.7% in logarithm unit, ie, 14% in absolute unit, between ACMV and SBT in the failure group) is relatively small from an operational point of view. Finally, because of the inherited limitation of HRV analysis, 1,3 the application as a weaning parameter is limited to those without significant arrhythmias.
Nonetheless, an automatically derived weaning predictor in a busy intensive care setting would be an attractive one, and commercial equipment designed to measure HRV is available. 3 To predict weaning outcome by the changes of HRV indexes as a stress response test among different levels of ventilator support, further study in a larger population to define the most useful method of HRV analysis during ventilator weaning is needed.
Conclusion
The spectral components, including HF, LF, and TP of HRV, decreased significantly in the failure group during the shift from ACMV, PSV, to SBT. The reduced HF component is consistent with a higher f/Vt ratio, and vagal withdrawal of the autonomic nervous system in patients with weaning failure. The finding of a reduced LF component during weaning does not support the concept of the LF component of HRV as a marker of cardiac sympathetic modulation. The changes of the HRV components may be a potential tool of automatically gathered parameter during ventilator weaning.
